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Michael Ryan
An Ab Initio Study of Bonding in the AgCl-PX3 Complex (for X = H, F)
Quantum Theory of Atoms in Molecules (QTAIM) and Natural Bond Orbital (NBO)
analyses were performed on AgCl-PX3 complexes, where X = H, F. The analyses indicate the
presence of a 3-center-4-electron (3c4e) bond between the Cl, Ag, and P atoms, formed by a
charge transfer from the occupied p orbital of the phosphorus and Lowest Unoccupied Molecular
Orbital (LUMO), nominally a σ*. Delocalization of the complexes’ electrons results from these
interactions. Furthermore, the complexes were bound predominately by electrostatic interactions
(approximately 80%), as opposed to covalent bonds. The structures are resonance stabilized
with the Cl-Ag and Ag-P bonds having natural bond orders of ~0.5.
Introduction:
Interest in bonding in metal-halide complexes has been stimulated by previous
investigations into the nature of hydrogen bonding and halogen bonding.1,2 The investigations
have been prompted by an effort to determine the interactions within these complexes and
understand the nature of bonding. Theoretical investigations have been performed to determine
the nature of what holds the complexes together. Specifically, investigations were performed on
H2O/H2S-M-Cl complexes by a team from Shandong Normal University. NBO analyses of these
complexes revealed σ-donation interactions, as well as hyperconjugation between the H2O/H2S
and M–Cl.2
The covalent and ionic character, as well as orbital interactions, were explored through
Quantum Theory of Atoms-in-Molecules (QTAIM) and Natural Bond Orbital (NBO) analyses.
QTAIM studies bonding through electron density, therefore looking at the bonding holistically.
NBO characterizes the bonding in an orbital picture that localizes the orbitals to a bonding

picture. The bonding in AgCl-PX3 (X=H, F) complexes were examined in this manner. The
structures of these complexes are shown below in Figure 1.

Figure 1: The 3D structure of AgCl-PH3 and AgCl-PF3. Bond lengths and angles are of the optimized structure at MP2/au-ccpVDZ.

QTAIM examines the electron density distribution of atoms and bonds in complexes.
According to QTAIM, chemical bonding and structure are defined by the topology of electron
density. The strong maxima of electron density distribution at each nuclei (atom) is the
dominant topological property. The topology itself, the shapes and paths defined by the
hypersurface of electron density, is the main interest of QTAIM. This divides up the atoms in
molecules and defines bonding features using a full electron picture. Natural bond orbitals are
localizing orbitals that describe Lewis-like molecular bonding of electrons in the context of a
molecular orbital-based picture. This depiction of orbitals provides the most accurate Lewislike description of electron density. In an NBO analysis, core orbitals and lone pairs are
localized, as these electrons belong primarily to a single atom. The orbitals involving bonding
between atoms are then localized, providing an orbital picture similar to a classical Lewis
structure. NBOs provide the most accurate natural Lewis structure, as they include the highest
possible percentage of electron density. Analysis using both these theories together provides an
accurate portrayal of bonding interactions within a complex.
Procedure:

The main of objective of this project was to examine the bonding characteristics in AgClPX3 complexes, where X is H or F. This was done on theoretical quantum mechanic level. The
AgCl-PX3 complexes were primarily optimized and the energies calculated. All geometry
optimizations and single-point energy calculations were performed using the computer program
General Atomic and Molecular Electronic Structure System (GAMESS).6 The calculations were
performed at the MP2/aug-cc-pVDZ level of theory. Binding energies were corrected for basis
set superposition error (BSSE), not for zero-point energy (ZPE). The MP2 (Moller-Plesset) level
of theory improves upon the Hartree-Fock ab initio methods by adding electron correlations
effects through second level perturbation theory. Ag required an effective core potential for core
electrons. Parameters for the Ag basis set were obtained from EMSL basis set exchange.
Once the geometry of the equilibrium geometry of the complex an NBO analysis was
performed on the optimized structure using the program NBO 6.0.7 This program used the
electronic wave function determined from GAMESS to perform the analysis. Energies, electron
occupations, and atomic orbital contributions were calculated for each NBO from this analysis.
The natural bond orbitals were visualized using the molecular viewing software Jmol.8
Finally, a QTAIM analysis was performed with the program Multiwfn.9 This analysis
was done on the wave function output from GAMESS for the AgCl-PH3 complex. The program
was used to plot electron density and generate the (3,-1) critical points and bond paths of the
complex. These data were used to characterize the bonding of the Ag---PH3 complex.
Results and Discussion:
QTAIM Analysis:
This program generated several different graphs which were used to analyze the bonding
of the AgCl-PH3 complex. These graphs primarily indicated the electron density, ρ(r), and the

bonding critical points. A gradient map of the electron density is shown in Figure 2(a) below.
The gradient paths of electron density in this map show bonding critical points closer to the Ag
in the complex. Contours of the gradient paths reveal atomic domains and bonding critical
points (BCPs) in the complex. The critical points are shown in the gradient of Figure 2(a) as the
contours, or ripples, between each nuclei. They are visualized in Figure 2(b). This diagram
shows the (3,-1) critical points and bonding paths along the complex. The (3,-1) critical points
and bonding paths of 𝜌 connecting the bond critical points to attractors (atoms) trace out a
straightforward structure with little strain. Both plots show the BCPs in the complex.

(a)
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Figure 2: In (a), the gradient of the electron density, ρ, in the Cl-Ag-P-H plane. In (b), the (3,-1) critical points of ρ and bonding
paths along the complex.

Further analysis of electron charge density futher elucidated the bonding nature of the
complex. The graphs in Figure 3 below reveals the electron structure of the complex. The graph
in Figure 3a is a function for locating high localization regions, allowing for the visualization of
localized orbitals. This is essentially a function of electron density. High charge concentration
in the localized orbital locator function can be seen in the vicinity of a donor lone pair in the p

orbital of phosphorus. This suggests a charge transfer to stabilize the complex. Positive charge
density of the Laplacian in the bonding region suggests closed-shell interactions. This plot
supports the nonsharing of electrons, as there is no overall negative Laplacian. The kinetic
energy of electrons is higher than the potential energy in the inter-nuclear region.

(a)
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Figure 3: In (a), localized orbital locator analysis, showing electron density ρ. In (b), the Laplacian, 𝛻2ρ, revealing electron
structure.

The QTAIM analysis suggests that the complex is mainly dominated by closed-shell
interactions, emphasized by Figure 3b. The closed-shell interactions are seen by the high
electron concentrations and orbitals surrounding each nucleus with limited interaction between
nuclei. Furthermore, the value of electron density, ρb, is relatively low. In this complex, the
phosphorus acts as a charge transfer donor to stabilize the complex, donating the lone pair of
electrons in its p orbital.
NBO Analysis:
The natural bond orbital (NBO) analysis was performed to examine the orbital
interactions within the AgCl-PX3 complexes. Figure 4 below shows an energy level diagram for
AgCl-PH3 and AgCl-PF3. The NBO calculations indicate that the d orbitals of silver are not
involved in the bonding of these complexes and are degenerate, doubly occupied orbitals (i.e.

closed-shell interactions). The AgCl-PH3 complex is bound by a 3 center, 4 electron hyperbond
(3c4e) between the Cl, Ag, and P. This hyperbond is formed by a charge transfer between the
occupied donor pp orbital and the LUMO σ*. This is evident as 2nd-order perturbation theory
(2)

gives significant interaction between LUMO (highest Fock matrix ∆𝐸𝑖→𝑗 = −2

⟨𝜑𝑖 |𝐹 |𝜑𝑓 ⟩
𝜀𝑗 −𝜀𝑖

cross

term). This interaction contributes to the electron delocalization occurring throughout the
complex.
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Figure 4: Energy level diagrams showing the highest occupied and lowest unoccupied NBOs of (a) AgCl-PH3 and (b) AgCl-PF3.
All energies in eV.

Figure 5: In (a), charge transfer between orbitals (occupied donor p p and LUMO σ*) characterizing the source of the electron
delocalization. Interaction energy calculated by 2nd order perturbation. In (b), the orbitals involved in the 3c4e bond for both
complexes.

The binding energies of the complexes were calculated from the NBO analysis, as well.
These calculations accounted for basis set superposition error, not for zero-point energy. Figure
6 below shows that the binding energies of these complexes are lower than the individual AgCl
and PX3 components. The complexes, however, are bound by only one third of a typical
covalent bond strength. The complex is mainly held together through ionic/electrostatic
interactions, as seen in Tables 1 and 2. Ionic bonding accounts for approximately 80% of
bonding in both of these complexes. The complex is, however, resonance stabilized. The
highest contributing Lewis Structures from the NBO analysis are shown in Figure 7. The Cl-Ag
and Ag-P bond have a natural bond order of 0.5. Similar resonance structures are seen for AgClPF3.
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Figure 6: Binding energies of the complexes. Correction for BSSE is included. In (a), AgCl-PH3. In (b), AgCl-PF3.

Table 1: Natural Orders for AgCl-PH3.

Bond

Ag-Cl

Ag-P

P-H

Covalent (%)

0.10 (20%)

0.11 (21%)

0.983 (99.5%)

Ionic (%)

0.40 (80%)

0.41 (79%)

0.005 (0.5%)

Total

0.5

0.51

0.988

Table 2: Natural Bond Orders for AgCl-PF3.

Bond

Ag-Cl

Ag-P

P-F

Covalent (%)

0.11 (20%)

0.13 (25%)

0.29 (30%)

Ionic (%)

0.39 (80%)

0.39 (75%)

0.69 (70%)

Total

0.49

0.52

0.98

Figure 7: Highest contributing Lewis structures from the NBO analysis.

Conclusion:
The bonding interactions in AgCl-PX3 complexes were examined throughout the course
of this study. Bonding was explored both holistically using Quantum Theory of Atoms-inMolecules and in terms of natural bond orbitals. The QTAIM analysis suggested that the AgClPH3 complex was dominated by closed-shell interactions. Furthermore, a high charge
concentration was seen near the p orbital of the phosphorus in a localized orbital locator,
supporting closed shell interactions. The closed shell interactions suggest a charge transfer from

the phosphorus’s lone pair to the silver. This charge transfer helped to stabilize bonding in the
complex. The NBO analysis revealed the existence of a 3c4e bond, resulting from two orbitals
in the Cl-Ag-P internuclear region. This hyperconjugation was formed by the charge transfer
from the p orbital of the phosphorus to the silver-chlorine complex. Significant delocalization
occurs due to interaction of the p orbital with the LUMO (σ*) of the complex. The NBO analysis
concluded that the AgCl-PX3 complexes were bound mainly by electrostatic forces (roughly
80%), as opposed to covalent interactions (approximately 20%).
This study opened the doors to a large amount of possibilities for future work. Both
copper and gold, metals in the same family as silver, bind similarly to silver, opening the
possibility to explore bonding effects in complexes with different metals. Structures of the form
XAg-PX3 (X = Cl, F) are of great interest, as well. Varying either the Cl or the PH3 ligands may
provide insight into how different substituents control bonding, possibly allowing one to tune the
3c4e bond. These structures, however, have proven difficult to optimize. Furthermore, the
binding of NH3 as compared to PH3 may prove interesting. Phosphine has been seen a Mulliken
inner complex, acting as a charge transfer donor. NH3 possesses a lone pair in the p orbital,
similar to PH3, yet does not have an unoccupied d orbital as PH3 does. These properties of NH3
make it of interest.
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